Many organizations look to carbon footprint protocols for guidance on measuring their greenhouse gas emissions, or carbon footprint. Existing protocols generally require estimation of direct emissions (Scope 1) and emissions from direct purchases of energy (Scope 2), but focus less on indirect emissions upstream and downstream of the supply chain (optional Scope 3). Because on average more than 75% of an industry sector's carbon footprint is attributed to Scope 3 sources, better knowledge of Scope 3 footprints can help organizations pursue emissions mitigation projects not just within their own plants but also across their supply chain. In this work, Scope 3 footprints of U.S. economic sectors are categorized using an Economic Input-Output Life Cycle Assessment (EIO-LCA) model to identify upstream emission sources that are likely to contribute significantly to different sectors' footprints. The portions of the upstream footprint captured by the sector's top-10 upstream suppliers are estimated at 3 different levels of specificity: general economy-wide, industry specific, and sector specific. The results show that enterprises can capture a large portion of their total upstream carbon footprint by collecting full emissions information from only a handful of direct suppliers, and Scope 3 footprint capture rates can be improved considerably by sector-specific categorization. Employee commuting and air transportation may be more important (7%-30%) for the services industries, but should not be a focus of detailed Scope 3 footprint estimates for the manufacturing industries (<1% of the total analyzed footprint). Protocol organizations should actively make more specific Scope 3 guidelines available for their constituents by developing sectorspecific categorizations for as many sectors as they feasibly can and create broader industry-specific protocols for others.
Introduction
As the effects of climate change are becoming more pronounced in recent years, governments, corporations, and individuals alike are becoming more concerned with the contributions of their own activities to climate change. Many are engaging in discussions on managing climate change and measuring their "carbon footprint", or greenhouse gas (GHG) emissions resulting from products or activities, to identify strategies to reduce their climate impacts. For guidance in how to prepare their footprint inventories, these groups look to existing carbon footprint protocols including the GHG Protocol from the World Resources Institute (WRI) and World Business Council for Sustainable Development (WBCSD) (1), the General Reporting Protocol and sectorspecific protocols from The Climate Registry (2) , ISO 14064 from the International Organization for Standardization (3) , PAS 2050 from the British Standards Institute (4) , and the International Local Government GHG Emissions Analysis Protocol from the International Council on Local Government for Sustainability (5) .
These existing protocols vary in scope, but generally require reporting of emissions from sources under the company's direct control ("Scope 1") and emissions from direct purchased energy ("Scope 2"), with less focus on indirect emissions upstream and downstream in the company's value chain (optional "Scope 3"). For most business sectorsswith the exception of a few sectors with large and well-known GHG emissions like power generation, transportation suppliers, and cement manufacturingscarbon footprints from direct emissions and purchased energy use have been shown to be a small portion of the total carbon footprint (6) . Previous estimates have indicated that on average, Scope 1 emissions from an industry are only 14% of the total upstream supply chain carbon emissions, and the sum of emissions from Scopes 1 and 2, on average, only 26% of total upstream supply chain emissions (6) , leaving a significant portion of the supply chain emissions in the nonmandatory "Scope 3" category, which combines all nonScope 1 and 2 sources of emissions. Currently companies can choose to voluntarily disclose Scope 3 emissions, but they do not have much guidance or framework for doing so, and the resulting Scope 3 disclosures are not necessarily consistent or comparable between companies even in the same sector. Although Scope 3 emissions are widely known to be important, they are rarely estimated because they are not well understood, and there is little motivation or technical capacity to do so in current carbon footprint protocols.
Due to this omission, decision-makers may be lulled by existing protocols into assumptions that carbon legislation will mean little to them if they are not aware of the effect supply chain emissions will have on their input prices or how consumer preferences may change in favor of lowcarbon and energy-efficient goods (i.e., so-called carbon risk assessment). Better informing and estimating the process of Scope 3 supply chain footprint information can help firms pursue emissions mitigation projects both within their own plants and also across their supply chain. As companies can often influence their suppliers, a broader estimation can similarly motivate more effective corporate climate change policies.
For the reasons stated above, protocol organizations (which we define as groups that are developing carbon footprint protocols, including standard-setting bodies that are developing guidance for carbon footprint analysis) have recognized the importance of Scope 3 emissions and are in the process of developing better Scope 3 guidelines for their constituents. Currently, a major focus is to identify Scope 3 categories that are relevant and should be included in footprint analysis. However, for protocol organizations to provide more comprehensive guidelines to firms, governments, and institutions conducting footprint analyses ("footprinting enterprises"), and to achieve reductions, further characterization of Scope 3 emissions is necessary. Fortu-nately, such knowledge already exists within the Life Cycle Assessment (LCA) community (7), many of whose members are involved with current protocol development. Two types of LCA exist: process-based and economic input-output (IO) approaches, and the data from each type of model will form the basis of complex and uncertain Scope 3 footprints (8, 9) . The advantages and disadvantages of each have been welldocumented (8, 9) . Process LCA models are generally more precise but also more time-consuming due to difficulty in obtaining detailed inventory data (10) (11) (12) , while IO models are efficient and eliminate cutoff error while introducing significant aggregation errors and uncertainties related to prices.
For reasons of practicality there is an inherent trade-off between how much primary data (i.e., measured as opposed to modeled) any enterprise can collect and what portion of their footprint this amount of data will capture (9) . Thus scoping assessments using generic sector-level data (such as is available from IO-LCA models) are invaluable to helping organizations determine where the "hot spots" in their supply chains are to invest precious data collection resources. Such scoping is not only possible, but is consistent and timeefficient using IO-LCA methods (13, 14) .
In this work we characterize the Scope 3 footprints of U.S. economic sectors using a modified form of the 2002 US benchmark Economic Input-Output Life Cycle Assessment (EIO-LCA) model developed by Carnegie Mellon University (13, 15) . The EIO-LCA model uses relatively recent and detailed economic IO data derived from the Bureau of Economic Analysis (BEA) and publicly available environmental data from governmental agencies such as the U.S. Environmental Protection Agency (EPA) and the Department of Energy (DOE). It captures the entire upstream supply chain, and is capable of evaluating economic and environmental impacts for any of 426 sectors in the U.S. economy (13, (16) (17) (18) , providing a fast and consistent way to perform scoping analysis for a large number of sectors simultaneously. Of course, such sector averages will not be representative for every enterprise, but for many companies, communities, and projects, they can provide an efficient and consistent method to estimate supply chain emissions before undertaking more complex efforts.
The goal of this work is to categorize upstream emission sources to identify the significant Scope 3 categories (industry or sector) that should be included in Scope 3 footprint guidelines. Because there currently is no established method or accounting framework for downstream emissions, and protocol organizations are still discussing the question of what downstream emission sources are considered parts of an intermediate sector's footprint, this work only focuses on upstream Scope 3 footprint of enterprises (and not of products). Moreover, although we recognize that the singular focus on GHG emissions can be misleading in holistic environmental management decision making, because currently there are only protocols and standards written for GHG, this work focuses on GHG emissions to demonstrate the analysis framework.
By pursuing this goal, our findings can help protocol organizations provide relevant and effective guidelines for conducting Scope 3 footprints and to help footprinting enterprises efficiently focus their GHG reduction efforts on the important parts of their supply chain. A specific focus is on whether it would be better for protocol organizations to compile a single aggregate list of Scope 3 emissions sources for all enterprises to include or compile sector-specific lists. In addition, our findings demonstrate that a large portion of the Scope 3 footprint can be captured by including only a handful of suppliers, help the community see the variations in capture rates among the different industries, and demonstrate the value of increasing specificity in Scope 3 footprint guidelines so protocol organizations are encouraged to develop guidelines as specific to industries and sectors as they feasibly can. The following section details our method, followed by observed results, and a discussion of significant implications.
Methods
Economic Input-Output Life Cycle Assessment. This section provides a brief overview of the methods pertinent to the results and discussion presented in later sections. These methods have been described previously in Huang et al. 2009 (19) and Matthews et al. 2008 (6) . A more detailed summary of the IO methods and the EIO-LCA model can also be found in Supporting Information (SI)-A.
Economic IO models were first developed by Leontief in 1936 (20) to aid manufacturing planning. Using linear algebra common in the economics literature (13) , the models estimate all purchases and activities in a supply chain leading up to final manufacture in an industry. When the economic IO model is augmented with environmental information in matrix form, it estimates upstream life cycle environmental impacts of production activities by any sector in the economy. The basic IO model derives the total economic purchases (i.e., supply chain) across an economy required to make a desired output. Once the supply chain is calculated, environmental emissions can be estimated by multiplying the output of each sector by its environmental impact per dollar of output:
where b i is the vector of environmental burdens (such as GHG emissions for each production sector), R i is a matrix with diagonal elements representing the emissions per dollar of output for each sector, I is the identity matrix (a table of all zeros except for the diagonal entries containing a 1), A is the direct requirements matrix (with rows representing the required inputs from other sectors to make a unit of output), and y is the vector of desired production or "final demand." Terms in eq 1 represent the production of the desired output itself (I × y), contributions from the direct or first level ("tier-1") suppliers (A × y), those from the second level ("tier-2") indirect suppliers (A × A × y), and so on. Direct emissions from a sector (i.e., Scope 1), including on-site emissions from activities like natural gas or petroleum combustion, and indirect emissions (Scopes 2 and 3) upstream of a sector can be calculated using modified forms of eq 1 by selectively including certain terms from the equation and certain elements in the A matrix (6). This is described in more detail in SI-A.
Sub-Total Supply Chain Emissions. The sectoral emissions calculated using eq 1 give the sum of emissions occurring at the supplier sector across all levels of the supply chain, but they do not shed light on the emissions embedded upstream of those specific suppliers. In this work, we denote the portion of the total supply chain embedded upstream of a specific supplier, including the supplier itself, "sub-total supply chain" (STSC). For example, the STSC of an electricity provider would include the emissions from generating the power as well as mining and transportation of coal upstream of it. Because a purchaser may have more influence with a direct supplier than an indirect one, knowledge of STSC impacts will help footprinting enterprises understand which of their direct suppliers contribute most to their total footprint. Moreover, estimation of STSC footprints of suppliers is useful for understanding the life cycle benefit of reducing consumption and use of certain inputs or materials. For example, if a firm reduces its overall electricity consumption by making its process more efficient, a reduction in direct purchased electricity means that there are also
impact reductions in the supply chain upstream of the power generation suppliers. To isolate the STSC contributions of tier-1 suppliers from the perspective of final producer sectors and estimate the STSC impacts of tier-1 suppliers for every producing industries in the economy, eq 1 is modified as follows:
where B i is the matrix of environmental burdens, r i is a singlerow matrix containing the emissions per dollar output for each final producing industry for pollutant i, and the term <r i (I -A) -1 > denotes the diagonalization of r i (I -A) -1 . See SI-A for a detailed description of the derivation.
Employee Travel. A key focus of current Scope 3 efforts is to determine how to provide more guidance and to break out the most important upstream activities. Employee business travel and commuting are often mentioned in these discussions. Emissions from the transportation of their employees, both for business travel and commuting, is of particular interest to companies conducting footprint analyses because it is relatively easy to quantify with local data sources, it can be done without significant effort in data collection from suppliers, and companies can directly influence employee travel by implementing certain company policies or changing the ways business is done to require less travel (e.g., make more use of teleconferencing, telework, or ride-share programs). Many member companies of the Carbon Disclosure Project have chosen to voluntarily include employee transportation in their reporting (21) .
In the EIO-LCA model, employee business travel is already accounted for under purchases from the transportation supplier sectors, but in the basic IO account, differentiations between passenger and freight transportation are not made. Employee commuting is not a part of most LCA models because it is accounted for in household energy use and not corporate energy use. However, because it is of considerable interest to protocol organizations and footprinting enterprises, we estimated employee travel emissions and incorporated them into the model for this scoping study. Further description of the estimation methods for employee travel can be found in SI-A.
Results
Using the modeling techniques described above, we categorized the largest contributors to upstream Scope 3 footprints for each of the 426 sectors of the U.S. economy in 2002. The total analyzed footprint (TAF) in this study includes emissions from Scopes 1 and 2, upstream Scope 3, and employee commuting. In this section, a high-level, economy-wide overview of the results is introduced, followed by presentations of results aggregated into industry groups and a discussion of increasing specificity in Scope 3 categories. Because 426 detailed sectors in the U.S. economy are too numerous to show and analyze individually, detailed sectors are grouped into 24 industry groups (Table 1) based on similarity in their upstream footprint profile and their North American Industrial Classification System (NAICS) industry code. Sector aggregation uncertainties are discussed further in the uncertainty section. Because protocol organizations are likely to develop "sector-specific protocols" for a few well-known carbon intensive sectors like power generation and cement manufacturing, but (due to resource constraints) create more general "industry-specific protocols" listing mandatory Scope 3 reporting categories for other less carbon intensive sectors based on their industry classifications, reviewing the results at the 24 industries level is appropriate for informing protocol design.
General Economy-Wide Characterization. Using eq 2, the STSC impacts of tier-1 suppliers for all 426 × 426 combinations of supplier-producer pairs are estimated. If organizations were to collect GHG emissions data from every tier-1 supplier in their value chain (across hundreds of sectors and/or companies), they would have to spend an impractical amount of time and resources in working with all these suppliers for data. A better goal would be for footprinting efforts to focus on the relevant suppliers whose STSC emissions contribute most significantly to an industry's total footprint. For each sector, the top 10 tier-1 suppliers are identified and ranked on a STSC basis. (The choice of 10 is meant to provide a round number for a consistent comparison across all sectors in this analysis, and is admittedly arbitrary. Increasing the number of top suppliers to be examined will increase the portion of carbon footprint captured, and this is discussed further in SI-B.) If a supplier 
sector frequently appears on the "top-10 list" of the 426 sectors, it is an indication that the supplier sector is both ubiquitous and also likely more GHG-intensive than other supplier sectors, hence making it a good candidate for explicit recognition in a general Scope 3 protocol. Table 2 shows the average portion of TAF captured by each top supplier sector's STSC when averaged across all 426 sectors in the economy and the frequency of their appearances in the top-10 supplier list of those 426 sectors. As shown in Table 2 , emissions from truck transportation appear in the top-10 list for 2/3 of all sectors in the economy and rank second in average portion of footprint captured, which indicates its general importance in Scope 3 footprint evaluation. Iron and steel mills ranks first in portion of TAF captured, with an economy-wide average of 5%, but it appears in only a third of all the sectors' top-10 lists. This implies that the embodied carbon footprint in input iron and steel materials is relatively high, but this category is not as ubiquitous as truck transportation. (The model excludes embedded capital stocks of any types, e.g., iron or steel in a factory built years ago.) Similarly, emissions from petroleum refineries rank third in average portion of footprint captured, but it only appears in the top-10 list of a quarter of all sectors. This indicates that including the production of petroleum fuels in the Scope 3 footprint estimate will be sensible for some sectors, but may not be the most effective Scope 3 category to pursue generally for other sectors, especially if footprint enterprises need to be selective in Scope 3 footprint estimation under resource constraints. Even less ubiquitous are motor vehicle parts manufacturing and grain farming, ranking eighth and tenth in the portion of footprint captured when averaged across the economy, but playing an important role in less than 10% of all the top-10 lists.
Not shown by design in Table 2 is the power generation sector, which is the most ubiquitous and GHG-intensive supplier sector, appearing in 97% of all the top-10 lists, and responsible for a quarter of TAF on average. This is evidence that designating direct purchased electricity as Scope 2 is prudent in prioritizing indirect carbon footprint. Shown in the table are estimates of the Scope 3 portion of the STSC emissions of the tier-1 power generation sector (i.e., emissions upstream of tier-1 power generation, e.g. coal mining and coal transportation); the emissions released directly from the tier-1 power generation supplier are covered in Scope 2, which are deliberately taken out of Table 2 . See SI-C for a similar list including the entire emissions of the power generation sector in the ranking. A review of the top suppliers in Table 2 shows that for the purpose of a "general protocol," there are a handful of suppliers that are useful to include in a general Scope 3 footprint for many different types of businesses, e.g., iron and steel, petroleum fuel production, truck transportation, plastics, and chemicals. However, because each sector's upstream Scope 3 profile is inherently different, a general guideline containing these categories would only be applicable to some types of businesses, as discussed below.
Industry-Specific Characterization. To identify the potential upstream Scope 3 categories for informing the design of "industry-specific protocols," the top-10 supplier analysis described above is applied to the 24 industry groups in Table  1 . In this case, the portion of TAF captured by each supplier sector is averaged across all the sectors belonging to the given industry group. The average portion captured is then ranked to identify the top-10 suppliers for that industry. Similarly, a supplier that ranks high in average portion captured indicates that it is likely GHG-intensive, but it does not necessarily mean that it will be relevant for all sectors in that industry group, because each sector may have a unique Scope 3 profile and this may be an effect of sector aggregation. In practice, protocol organizations will need to fine-tune industry classifications as well as the recommended top supplier list to minimize such inefficiency. Furthermore, many supplier companies may fall into the same supplier sector classification; therefore, the actual number of suppliers that a footprinting entity needs to work with may be greater than the number of sectors shown in this scoping analysis. A complete list of top-10 suppliers, chosen on the basis of average portion of footprint captured, for each industry group is included in SI-D. The footprint portions captured by these top-10 suppliers are summarized graphically in Figure 1 , along with the footprint portions attributed to Scope 1, Scope 2, and employee commuting.
As can be seen in Figure 1 , upstream Scope 3 emissions are responsible for 70%-80% of TAF for most manufacturing industries, and a significant portion of the upstream Scope 3 footprint can be attributed to the STSC emissions of top-10 suppliers. For the manufacturing industries, approximately 50%-70% of their total upstream Scope 3 footprint can be traced to their industry's top-10 suppliers. This has significant implication for Scope 3 protocol development. If manufacturing companies are to follow an "industry-specific protocol" which includes a recommended list of the top suppliers informed by this type of analysis, they would likely be able to capture 60%-90% of their TAF with data support from their upstream suppliers (assuming either full Scopes 1-3 accounting for suppliers or a hybrid approach of supplier scope 1 and 2 reporting and scope 3 estimated). Similarly, for the services industries (e.g., banks, consulting companies, schools, hospitals, nursing homes, etc.), including employee commuting and top-10 suppliers in their footprint estimate would lead to capturing 70%-80% of the TAF. These results demonstrate that guidelines for Scope 3 footprint estimation can benefit considerably when protocol organizations invest the resources to develop industry-specific protocols that include customized lists of upstream Scope 3 categories for each type of industry. Including relevant Scope 3 categories in protocol guidelines will assist companies in identifying the most relevant indirect emissions to pursue in their carbon footprint and reduction efforts.
Our results show that STSC emissions of the tier-1 transportation suppliers (which include freight and passenger transport by truck, rail, water, and air) generally contribute to less than 5% of TAF, and this is graphically illustrated in SI-E. Although air business travel is a footprint category of interest to many footprinting enterprises, our estimates revealed that air transportation is responsible for less than 1% of TAF for 95% of all the sectors in the economy, and its contribution is even smaller for the manufacturing sectors, implying that air transportation emissions should be a focus of only a few sector's detailed footprinting efforts. Employee commuting also contributes little to the manufacturing sectors' footprint, but its contribution can be more significant (7%-30%) for the service sectors. These results show that even if an enterprise includes upstream transportation suppliers and employee travel in its Scope 3 footprint, there is still a significant portion of the upstream Scope 3 footprint yet to be quantified.
Sector-Specific Characterization. Clearly, estimating upstream Scope 3 emissions with industry-specific Scope 3 guidelines is an improvement from using an economy-wide general guideline in terms of the portion of upstream Scope 3 footprint captured. However, in reality, each detailed business type, and in actuality each company, has a unique Scope 3 profile, and there are probably some important Scope 3 categories that are unique to each sector that are not explicitly identified in industry-specific guidelines. In a perfect world, if a footprinting enterprise has the foresight of knowing which upstream Scope 3 categories contribute most to its total footprint, and thus focuses its footprint efforts only on those relevant suppliers that matter the most, it would be able to most efficiently capture the largest portion of its upstream Scope 3 footprint using the least amount of resources.
To gain an understanding of how footprint capture rate can be improved by increasing specificity in Scope 3 category guidelines, we identified the top-10 suppliers for each of the 426 sectors based on the portions of TAF attributed to the STSC of these suppliers. The sum of STSC footprints for each set of sector-specific top-10 suppliers is then compared with the sum of STSC footprint obtained from the industry-specific top-10 list and the generic economy-wide top-10 list. Although results are available for 426 sectors in the economy, they are too numerous to show at once; therefore, the comparison is again grouped into 24 industry groups for presentation in this paper. In Figure 2 , the portion of upstream Scope 3 footprint captured by a general economy-wide top-10 supplier list is represented as the bottom bar. The additional capture achieved by using industry-specific top-10 lists (as represented by our aggregation of 24 industries specified in Table 1 ) is shown as the middle second bar, and the additional capture achieved by using sectorspecific top-10 lists is represented by the top bar. In other words, the total portion of upstream Scope 3 footprint captured using the sector-specific list is the sum of the quantities represented by all 3 bars. Table 1 .
The results show that a footprint estimate guided by the general top-10 list produces highly variable capture rates, ranging from just under 10% for Food to more than 50% for Petroleum. When the footprint estimate is guided by more informative industry-specific top-10 lists, 40%-70% of the total upstream Scope 3 footprint can be captured for most industries. If footprinting enterprises have the foresight of knowing which suppliers are the largest contributors to the total footprint of a typical company in its specific sector class, manufacturing sectors can expect to capture up to 90% of their total upstream Scope 3 footprint, while service sectors can expect to capture 50%-60%, without investing impractical resources and efforts to collect footprint information from hundreds or thousands of suppliers and still not achieving the same footprint capture rate. These results demonstrate that although sectors in the same industry group may display certain similarities in their Scope 3 footprint profiles, because each sector's Scope 3 footprint profile is inherently unique, footprinting enterprises will be able to more efficiently estimate their footprints if detailed sector-specific Scope 3 guidelines are available in protocols. Protocol organizations should actively develop Scope 3 guidelines as specific to each industry/sector as they feasibly can. The results produced from the type of IO-LCA analysis in this work are especially useful for informing Scope 3 protocol development.
Discussion
Uncertainties. As with any calculation based on IO-LCA methods, this method has substantial uncertainties related to sectoral aggregation; price, temporal, and spatial variation; and several other issues, as discussed elsewhere (9, 13, 22) . Since discussions of uncertainties inherent in IO-LCA can be found in other literature, and they are not unique to the approach used in this work, this section will focus on the type of uncertainty particularly relevant to application of these findings to carbon footprint protocol design: sector aggregation uncertainties.
Sector aggregation occurs when technically and environmentally distinct operations are combined into larger groups to form a sector or groups of sectors (22) . In the basic IO framework on which our methods are based, sector aggregation is decided by the BEA in compiling IO tables from survey data. In most cases, more detailed disaggregated IO data are not publicly available. Working with each sector's environmental intensity information faces similar challenges. Because original environmental or energy consumption data sources may be organized by different industry classification systems (e.g., NAICS), bridging them with IO sector classification system inevitably results in losing information about more detailed sectors, and in some cases, introduces additional uncertainties from disaggregation of sectors. Even if sector aggregation is not the most significant issue, the environmental intensity information used in the model represents a national average of all the companies in the sector. It does not account for the variability in different companies' actual environmental intensity. For example, the carbon intensity of electricity production can vary significantly depending on the geographic region and the respective energy generation portfolio for the electricity grid. Under a certain sector aggregation scheme, aggregation errors may vary substantially depending on the sector or product considered (22) . Using data specific to the footprinting entity will produce more accurate footprint results, though allocation issues can confound even such specific data, as discussed in
At the 426 sector level, the results produced by our IO model are subject to the typical aggregation uncertainties mentioned above. However, when performing analyses using 24 industry groups to inform industry-specific protocols or when grouping 426 distinct sets of analysis results into 24 industries for legible presentation of results, an additional layer of uncertainty is introduced. Graphical illustration of these sector aggregation uncertainties can be found in SI-B and -E. Using footprint contributions from transportation suppliers as an example ( Figure SI-3) , it is found that the portion of footprint captured by direct transportation suppliers displays large variations among the detailed sectors within the same industry, with half of the 24 industries having coefficient of variance (COV) greater than 0.5. Figure SI-1 shows the average, standard deviation, and range of footprint captured using industry-specific top-10 suppliers lists as they are applied to each sector in the given industry. Table 1 .
When developing industry-specific Scope 3 guidelines, protocol organizations should keep in mind the effects of sector aggregation on the performance (amount of footprint capture) of carbon footprint estimates. Because every sector's Scope 3 footprint profile is unique (and the same thing can be said about an individual company's Scope 3 profile not being exactly the same as the other companies within the same sector), footprinting enterprises following the same footprint standard may produce different levels of footprint capture.
Implications for Footprint Protocol Design. This research utilizes IO-LCA methods to analyze supply chains of sectors and industries for informing development of Scope 3 carbon footprint guidelines. The results show that direct upstream transportation suppliers are responsible for less than 5% of TAF. Employee commuting and air transportation may be more important (7%-30% of TAF) for the service industries, but they make up a negligible portion (<1%) for the manufacturing industries. Thus, protocol design must look beyond the easily measured sources of Scope 3 emissions such as employee travel and commuting if footprinting enterprises want to identify the most effective areas for potential footprint reduction.
Reviews of subtotal supply chain impacts in each sector's value chain show that footprinting enterprises can efficiently capture a large portion of their total upstream footprint by modeling and/or collecting emission information from only a handful of Scope 3 emissions sources. In some cases, of course, collecting data will be more helpful (i.e., where Scope 1 and 2 represent a large portion of the supplier's TAF, as in iron and steel and truck transport) than in others. Using 10 top upstream suppliers in the analysis, we found that Scope 3 guidelines can be considerably improved by increasing the level of protocol customization based on the types of industry or sector. A Scope 3 footprint estimate guided by a "general protocol" will likely produce small and variable capture rates (9%-55% of the total upstream Scope 3 footprint), depending on the type of industry. Using slightly more customized "industry-specific" guidelines, in which footprinting enterprises are provided lists of upstream suppliers that are important for their industry, footprint capture rate can be improved to 40%-80% of the total upstream Scope 3 footprint (when including Scopes 1 and 2 portions in the quantification, this is achieving a total capture rate of 50%-90% of TAF). However, because each sector's Scope 3 footprint profile is unique, if footprinting enterprises have the foresight of knowing which suppliers matter the most for its sector class in contributing to their total carbon footprint, they can efficiently capture the largest amount of their total footprint while investing the least amount of resources dedicated to footprint effort by using "sector-specific" Scope 3 guidelines. We found that using a sector-specific approach, a substantial majority (50%-95%) of the total upstream Scope 3 footprint can be captured by the STSC emissions of only 10 top supplier sectors. These findings are significant as increasingly more specific Scope 3 guidelines are valuable in terms of making the footprint process more efficient for the footprinting enterprises, and they also enable better performance of footprint estimate.
Given that upstream Scope 3 footprint generally is considerably larger than Scopes 1 and 2 combined, we recommend protocol organizations to actively make more specific Scope 3 guidelines available for their constituents by developing sector-specific protocols for as many carbon intensive sectors as they feasibly can and create broader industry-specific protocols for other relatively less carbon intensive sectors. The IO-LCA approach introduced in this work provides an informative first step in the Scope 3 guideline development. Furthermore, to fully consider an enterprise's total life cycle environmental implications, including downstream carbon footprint and other impact categories, more future work is needed to address these issues.
